ABSTRACT Objectives: Epidemiological studies have raised concerns about the reproductive consequences of in utero exposure to alcohol. Maternal lifestyle factors have been associated with altered pubertal development, but the impact of prenatal alcohol exposure on male puberty is unknown. Thus, the objective was to explore whether prenatal alcohol exposure alters pubertal development in boys.
INTRODUCTION
Alcohol consumption during pregnancy has been associated with adverse pregnancy outcomes 1 2 and child morbidity. 3 Although controversy still exists regarding the safety of low-level consumption 4 and specific timing of exposure, women are advised to abstain from alcohol when planning to conceive and throughout pregnancy. Yet, alcohol consumption is common during pregnancy in many countries 5 6 and is, thus, one of the major modifiable risk factors possibly affecting fetal growth.
Interest in male reproductive consequences of prenatal exposure to alcohol has grown recently, as focus on causes of subfecundity has intensified worldwide. In boys, one study reported an association between prenatal alcohol exposure and cryptorchidism, 7 a congenital malformation that may predispose to impaired semen quality, whereas other studies have shown inconsistent results. [8] [9] [10] In adult life, indications of reduced semen quality among exposed men have been reported. 11 A few studies have investigated the association between maternal alcohol consumption during pregnancy and pubertal development in girls. One of these observed a later age of menarche in a small group of heavily exposed girls, 12 but two recent studies did not support this finding. 13 14 Shrestha et al 14 also assessed binge drinking episodes during pregnancy, but found no effects on the timing of menarche, either of binge drinking or of weekly alcohol consumption.
In boys, studies on risk factors for altered pubertal development are sparse. It is well
Strengths and limitations of this study
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established that variability in onset of puberty depends on genetic factors, ethnicity and nutritional conditions, 15 but in utero exposures may also have an early 'programming' role. It has been indicated that male pubertal development may be accelerated following in utero exposure to cigarette smoking [16] [17] [18] and maternal obesity. 19 This study aims to explore whether prenatal alcohol exposure alters pubertal development in boys.
METHODS
This study is based on data from the pregnancy cohort 'Healthy habits for two' 20 established between 1984 and 1987 in the municipalities of Aalborg and Odense, Denmark. The cohort included 11 980 pregnant women (87% of all invited), who at a routine visit to the midwife around the 36th gestational week, completed a questionnaire concerning lifestyle, demographic and health-related characteristics before and during pregnancy, including questions on consumption of alcoholic beverages during pregnancy. These women were all Danish citizens and since only 1% of Danish women aged 20-34 years were immigrants or descendants from immigrants during 1984-1987, the participants were most likely Caucasians. 21 Of the 11 980 pregnant women, 11 144 delivered live born singletons. Of these, 5716 were boys. In 2005, 5142 men (between 18 and 21 years of age) who were alive and living in Denmark were identified in the Danish Civil Registration System and invited to complete an internet-based questionnaire. A total of 2810 (55%) men responded.
Exposure assessment
In the questionnaire completed by the pregnant women around the 36th gestational week, they were asked about their average weekly intake of beer, wine and spirits while being pregnant. One drink was defined as one bottle of beer (0.33 L), one glass of wine or one glass of spirits. We calculated the weekly intake of these alcoholic beverages for each woman. The average maternal alcohol intake during pregnancy was categorised into four groups: 0, 0.5-1.5, 2-4 or >4 drinks/week. Furthermore, the women were asked how many times they had consumed eight or more alcoholic drinks on a single occasion (defined as binge drinking) while being pregnant with the following predetermined response categories: 0, 1-4, 5-9, 10-19 or >20 times. We formed three groups according to the number of binge drinking episodes; 0, 1-4 and ≥5 times during pregnancy.
Assessment of pubertal development in boys
In the follow-up questionnaire administered to the men in 2005, four questions concerning different indicators of pubertal development were asked: "Have you had acne?," "Has your voice broken?," "Have you started to shave regularly?" and "Have you had your first nocturnal emission?". If they answered 'yes', they were also asked to provide the age in years and months at which the event first occurred. We converted the month into a fraction of a year and added years to create a continuous outcome variable for each of the four events.
Covariates
Potential confounders were identified a priori: maternal age in years (continuous), maternal pre-pregnancy body mass index (BMI; <18.5, 18.5-24.9 and >24.9 kg/m 2 ), maternal smoking during pregnancy (smoker, former smoker (stopped before pregnancy) and non-smoker), maternal chronic diseases (diabetes mellitus, epilepsy, arthrosis, heart disease, cancer, psychiatric disorders, allergy or other chronic diseases combined into one variable: present vs not present), municipality of residence at the time of delivery (urban areas vs rural areas), family socioeconomic status based on the highest ranking of job description or academic background between parents at the time of pregnancy (white-collar workers, blue-collar workers and unemployed or students) and cohabitation status of the parents at birth (mother living with the father of the child vs mother not living with the father of the child).
Statistical analyses

Missing information
The number (%) of participants who gave information on age for the four outcome variables were: acne 1804 (64%), voice break 1696 (60%), regular shaving 2128 (76%) and first nocturnal emission 924 (33%). About three-quarter of these only provided age in years. Information on maternal average weekly alcohol consumption was complete and there were only four (0.1%) missing values on binge drinking. Furthermore, the level of missing values in covariates varied from 0% to 6.9% (table 1). Unexposed boys had more missing values in the pubertal events compared with boys exposed to alcohol during pregnancy. However, differences were rather small.
Since complete case analysis can lead to biased estimates and limited power, we addressed the missing data problem by using multiple imputations, which often yield unbiased and more precise estimates if data are missing at random. 22 23 Briefly, the multiple imputations model is an approach that creates several (m>1) different imputed datasets based on other known paticipant characteristics from the whole dataset. The m complete datasets are then analysed and the results are combined using the so-called Rubin's rule, thus producing a single set of inferences that includes the variability associated with the missing data.
Prior to multiple imputations, we excluded men who had not provided age in years for one of the four events (n=288). We performed multiple imputations using an interval regression imputation model (100 imputed datasets) with interval censoring of the indicators of pubertal events. The following variables were included in the main imputation model: age at first nocturnal emission, age at acne, age at voice break, age at regular shaving, maternal pre-pregnancy BMI, maternal cigarette smoking, maternal age at delivery, alcohol consumption during pregnancy, chronic diseases of the mother, municipality of residence at the time of delivery, family's socioeconomic status and cohabitation of the parents. We performed different imputation models, including (1) a higher number of imputed datasets, m=120, (2) only exposure and outcome variables and (3) more covariates than in the main imputation model. We then compared the results to check for consistency, that is, the sensitivity of the results to the choice of model used for imputations.
Data analyses
Data on age for the four indicators of pubertal development were symmetrically distributed. Thus, we calculated the mean ages with 95% confidence intervals (CIs) for each of the pubertal events. We estimated partial correlation coefficients between the four indicators of pubertal development adjusted for the covariates described above. Furthermore, we performed multiple linear regression analyses with maternal alcohol consumption during pregnancy, with average weekly intake and number of binge drinking episodes as the explanatory variables in separate models. We adjusted for the potential confounders aforementioned. Moreover, we estimated trends using average maternal alcohol consumption and binge drinking as continuous variables. Since 2.1% of the women contributed to the cohort with more than one child, we applied robust standard error (ER) in the adjusted analyses to account for clustering. We also performed sensitivity analyses. First, we repeated the multiple linear regression analyses using different multiple imputation models to check for consistency of the chosen imputation model, as noted before. Second, we performed restricted analyses based on the participants who reported at least age in years at all events (complete case analyses). Finally, to test for interaction between maternal weekly alcohol consumption and maternal cigarette smoking, we fitted a multiple linear regression model testing for interaction among the complete cases. All statistical analyses were performed using Stata 12 software (Stata Corporation, College Station, Texas, USA).
RESULTS
The cohort included 2810 men, but 288 men provided no information on the pubertal events and the final study population constituted 2522 participants. The excluded men did not differ from the responders with regard to in utero exposure to alcohol.
Approximately 84% of the mothers consumed alcohol on a weekly basis during pregnancy and about 9% reported having >4 drinks of alcohol/week. In total, 16% of the mothers had experienced at least one binge drinking episode during pregnancy, and 2% had ≥5 binge drinking episodes.
In table 1, the characteristics of the pregnant women by average weekly alcohol consumption and number of binge drinking episodes are presented. Women with high average weekly alcohol consumption were on average older, had more binge drinking episodes and a lower BMI than women with no alcohol intake. Furthermore, women consuming alcohol during pregnancy had higher socioeconomic status and were more likely to live in urban areas, compared with abstainers. Women binge drinking ≥5 times during pregnancy smoked more often, had a higher weekly alcohol intake during pregnancy and were more likely to live in urban areas and not live with the father of the child.
The crude mean (95% CI) ages for the four indicators of pubertal development among all participants were: acne 14.6 (14.5 to 14.7) years, voice break 14.5 (14.5 to 14.6) years, start of regular shaving 17.2 (17.2 to 17.3) years and first nocturnal emission 14.8 (14.7 to 14.9) years. The adjusted correlation coefficients between the four pubertal milestones varied between 0.3 and 0.6 (table 2) .
We observed a tendency for a later age at all four indicators of pubertal development with higher weekly average levels of alcohol intake; however, the differences were small and not statistically significant (table 3) . Compared with the unexposed boys, those exposed to >4 drinks/week during fetal life were 0.30 (95% CI −0.19 to 0.80) years older at first nocturnal emission, corresponding to 3.6 (95% CI −2.3 to 9.6) months. Regarding binge drinking during pregnancy, we observed a somewhat stronger indication of an older age at all four indicators of pubertal development than seen for weekly average alcohol consumption. Boys exposed to ≥5 binge drinking episodes during pregnancy experienced their first We repeated all analyses based on four alternative imputation models and found essentially the same results as those presented in table 3 (data not shown). For the restricted analyses (complete cases), results were in the same direction (data not shown). Finally, in the interaction analyses, there was no indication of effect measure modification by maternal cigarette smoking (data not shown).
DISCUSSION
We found no strong evidence for an association between maternal alcohol consumption during pregnancy and pubertal development among sons, but our results indicated that binge drinking during pregnancy may be associated with pubertal development occuring at a later age in boys.
Our findings of slightly delayed pubertal development in exposed boys are consistent with results from experimental studies. Exposure to ethanol in utero has been linked to delayed sexual maturation in female rats 24 25 and, recently, prenatally exposed male rats also showed delayed reproductive development and onset of spermatogenesis compared with the unexposed rats. 26 Thus, it is plausible that prenatal exposure to alcohol could affect onset of spermatogenesis in humans. Evidence from epidemiological studies on pubertal development in girls is, however, inconsistent. In a small preliminary investigation by Robe et al, 12 there were a higher percentage of girls with late onset of menarche among girls exposed to ≥2 drinks of alcohol/day. Similar results were observed by Windham et al 13 when comparing highly exposed and low exposed girls; however, after adjusting for potential confounding factors the effect on age of menarche diminished. Further, Shrestha et al 14 reported no association between in utero exposure to alcohol and age of menarche. The results by Robe et al may well have been confounded, but the discrepant findings could be due to differences in exposure levels. The levels of exposure in the study by Windham et al and Shrestha et al may have been too low to detect effects.
In this present study, we used prospectively collected information from the mothers on alcohol intake during pregnancy. This limits the risk of differential recall bias; however, there is a considerable risk of non-differential recall bias driving effect measures towards the null. The prevalence of drinking in our study was high, since moderate alcohol intake during pregnancy was socially accepted in Denmark at the time of data collection. We had the ability to study dose-response effects as we had data with a large exposure contrast and, further, we had a rather large proportion (9%) of mothers with an alcohol intake of >4 drinks/week. The analyses on binge drinking during pregnancy were, however, limited to a few highly exposed boys (2%). When studying effects of prenatal alcohol exposure, one major challenge is to disentangle the toxic effects of alcohol from the underlying and possibly confounding factors associated with alcohol consumption. 27 It is well established that lifetime abstainers differ from drinkers in a number of demographic, lifestyle and socioeconomic characteristics. 28 Although these differences might not be expected to be as comprehensive in a study population of pregnant women, the abstainers did differ from the drinkers in our data. Although we controlled for various potential confounders, we cannot exclude residual or unmeasured confounding as an explanation for our findings.
Although the participation rate in the birth cohort was high (87%), there is a risk of selection bias related to attrition in this study, as only 55% of the men Table 3 Age difference in years of indicators of pubertal development among 2522 boys according to average weekly alcohol intake and binge drinking episodes during pregnancy participated in the follow-up in 2005. Another limitation is the relatively large amount of missing data in the cohort, especially concerning the four indicators of pubertal development. We addressed this by using multiple imputation models which provide more valid results than complete case analysis if data are missing at random. 23 Also, we compared estimates from different imputation models.
The data on indicators of pubertal development were based on self-reports at the age of 18-21 years. One may argue that acne or the need for regular shaving may not occur in all men and these two events may therefore not be good predictors of pubertal development. On the other hand, age at first nocturnal emission and voice break are considered valid indicators of pubertal development in boys, comparably to age of menarche in girls. 29 30 Previous data from Danish boys have shown that the median age at first ejaculation (spermache) was 13.4 years, 31 and mean age at voice break was 14 years, 32 which is slightly earlier than in the present study. This small discrepancy may well be explained by the recall time in our study which varied between 1 and 12 years. We expect some misclassification, yet most likely nondifferential, resulting in bias in the null direction. Despite the high prevalence of alcohol consumption reported in this study, the number of boys exposed to binge drinking was low, and the results must therefore be interpreted with caution. There may well be a threshold for both dose and timing of exposure that may affect male pubertal development. It is plausible that the detrimental effect varies by gestational age and there may be more than one vulnerable time window.
In this study population, there was not sufficient information to study very high levels of exposure to alcohol during fetal life. Furthermore, we only measured the average number of drinks per week or number of binge drinking episodes during the entire pregnancy and did not have data on the exact time of alcohol consumption. Therefore, we cannot distinguish between early or late exposure in pregnancy and this may mask potential effects of prenatal exposure to high levels of alcohol in vulnerable time windows.
It is biologically plausible that exposure to alcohol in fetal life delays pubertal development. Differentiation and development of the male genitals begins around gestational weeks 7-8, and evidence from experimental studies suggests a window for 'male programming' occurring from weeks 8-14 of gestation, where sufficient androgen levels are essential for normal development. [33] [34] [35] [36] [37] Alcohol readily passes the placental barrier, thereby possibly affecting the endocrine organs of the developing fetus. 39 Alcohol intake during pregnancy has been shown to increase oestrogen levels and decrease testosterone levels in maternal and umbilical blood, [39] [40] [41] thus, the intrauterine hormonal milieu and consequently, the fetal hormone balance may well be affected. 38 42 Although the exact mechanisms are not well understood, the onset of puberty in boys is under the control of the hypothalamic-pituitary-gonadal axis 43 and alterations of the fetal hormonal milieu and endocrine system may affect pubertal development later in life. 44 Further research is needed to investigate the association between maternal alcohol consumption and pubertal development. Future studies will benefit from data collected on pubertal development by following children during the years of puberty with clinical examinations, Tanner staging and assessment of changes in hormonal levels.
In summary, we found little evidence to support the hypothesis that in utero exposure to weekly alcohol consumption is a strong risk factor for altered pubertal development, but we observed a tendency towards delayed pubertal development among boys exposed to maternal binge drinking during fetal life.
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